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INTRODUCTION 

During 1980 United Stirling of Malmo, Sweden, (USS) has been under 
contract from the Jet Propulsion Laboratory, for the modification of 
one of their series of laboratory test engines, known as the model 
4-95 (formerly P401 , for operation as a solar power plant in a 
par oolic dish concentrator. The engine with its receiver (solar heat 
exchanger), alternator and control system is to be installed on the 
Test Bed Concentrator, located at the JPL Parabolic Dish Test Site 
at Edwards, California, in June 1981. 

The objective of the program is to demonstrate that the Stirling engine 
is a practical, efficient and reliable energy converter when integrated 
with a parabolic dish concentrator, and that it has the potential of 
being cost com|>etitive with fossil fueled electric generating systems 
of today. 

Also during 1979-1980, United Stirling has been supporting the 
Fairchild Stratos Division of Fairchild Industries in a team effort to 
design a ’’direct coupled” hybrid receiver for the 4-95 engine to be 
installed in the above mentioned test. It will permit the engine to 
operate at constant load on either a ’’solar only” mode, or with a 
fossil fuel burner in a ’’combustion mode” during cloud cover or at night. 
Ihe receiver is being fabricated by Fairchild Stratos and is "o be 
integrated with the engine by United Stirling and the Advance Corporation. 
The Stirling receiver activity (DSSR) is described in another paper at 
this Review. 

Recent studies have shown that a Dish/Stirling system employing mass 
produced components has the potential to produce electricity for 
50-70 mils/kWh and at a capital cost of under $1000/kW (1,2,3). Contri- 
buting to this is the relatively high thermal efficiency of the 
Stirling and its projected low selling price (4). The importance of 
thermal efficiency is related to the concentrator/engine production 
cost ratio. This ratio is not yet certain, but is believed to be 
between 2.5 and 4. Since concentrator mirror area is inversely propor- 
tional to thermal efficiency, power plant thermal efficiency has a 
leverage effect on overall system cost. 
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UNITED STIRLING IN-HOOSE PROGRAM 

Ihe Stirling engine being modified for the program has its roots in 
the USS development program going back to 1972 when the decision was 
made to concentrate all efforts on d. lible-acting four cylinder desi^s, 
rather than the classical displacer type engines. Double-acting engines 
have proven to be lighter, more compact and less costly compared to 
multi-cylinder displacer engines. 

In 1975 a new double-acting 40 kW engine was designed and first 
tested in 1976. It was originally termed the P40 but more recently 
designated the 4-95, having a displacement of 95 cc/cylinder. The design 
objective was to achieve a reliable experimental engine for the development 
of specific components such as the heater head (the high temperature 
heat exchanger receiving heat from an external source) , piston rod 
seals, piston rings and control systems. In combination with a require- 
ment of high cycle efficiency and high power density, this called for 
a concept with parallel cylinders placed in a square, a heater head 
with rotational symmetry, and a twin crank shaft drive unit. The 4-95 
cross-section is shown in figure 1. The involute heater head is seen 
in figure 2, and the engine on a dynamometer is shown in figure 3. 
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Figl. Cross-section 4-95 engine. 
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4-9S involute heater heaJ 


drive unit, block and heater head* It is possible to split the engine 
between block ami drive unit without disassembling the heater head. This 
option minimized the effort and time needed for assembling and dis- 
assembling in conjunction with modifications and sep/ icing. 

TWentyone 4-9S engines have been built for in-house use as well as for 
special testing by government agencies and private organizations in the 
United States, Britain and West Clermany. The 4-9S is playing a key role 
as a baseline engine in the IXK/NASA Automotive Stirling" Engine (ASE) 
program. Three passenger cars, so far, have been operatine with the 
4-95 engine. 

Several conceptual and design features give the 4-9S engine a potential 
lor long life between overhauls. Such unique features include: 

- absence of sharp pressure iiqxilses within cylinders 

- inherent low linear and torsional vibration * 

- absence of valve gear 

- lubrication system operates in non-contaminating atmosphere 

- piston rings and seals operate in cool region 

- cross head design eliminates side forces cm piston assembly 

As of December 1980, total test time for all 4-95 engines on dyTiamometers 
and in demonstration programs exceeds 13,000 hours. One engine” operat ing 
on a special high temperature (820 OC] endurance cycle has been running 
over 5800 hours. The critical piston rod seal, known as the new PL design 
has achieved approxunately 120,000 hours of successful running on all 
seal wits, with one seal exceeding 7000 hours without failure. 
Additionally, about 150,000 hours of separate component and accessory 
testing contribute to overall reliability of the 4-95. 
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SCHEDULE 

PROGRAM START 
COMPONENT MANUFACTURING 
ENGINE ASSEMBLY 

STANDARD ENGINE ACCEPTANCE TEST 

ENGINE MODIFICATION AND TEST 
IN INVERTED POSITION 

RECEIVER INTEGRATION AND TEST OF 
RECEIVER/ENGINE/ ALTERNATOR SYSTEM 
WITH COMPLETE CONTROL SYSTEM 

DELIVERY TO US 

INTEGRATION TO TEST BED CONCENTRATOR 
(EDWARDS AIR FORCE BASE) 

START OF SOLAR TEST 

Fig4. Piognun schedule. 
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Results of testing engine 4-95-021 with a standard involute heater, 
figure 2, are presented in the curves, figure 5, 6. To sunniarize, it 
can be noted that the engine jx)wer at 1800 rpm ranges from 20 kW at 
11 MI\i to r kW at IS MPa. Auxiliaries include the lube oil pump and 
the helium pump, which are the only ones to be engine driven at the 
Bdwards Test Site. The water pump will be at ground level and is the 
re sjHMis i b i 1 1 1 V of J PL . 
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Acceptance test data- |x>wer. 
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Acceptance test data- efficiency. 
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Engine thermal efficiency for solar applications is based on net heat 
into the heater, rather than on gross heat (from fuel) as in automotive 
applications. The net heat value is the result of 2 measurements — the 
overall brake thermal efficiency and the so-called "furnace" or external 
heat system efficiency, The latter is equal to: 


^H'(^eg ^ra d) 

Qh 


r)b = external heat system efficiency 
Oh = heat input from fuel and air 
Ogg = heat losses in exhaust gases 
Orad = heat losses through radiation 

= overall brake thermal engine efficiency 
rjST = solar thermal efficiency 


The difficulty lies in the accurate determination of the bracketed 
term, which is the result of measurements (temperatures in the exhaust 
gas iind insulated sjxices of combustor) and calculations. However, the 
end result is believed to be conservative. The curv'es in figure 6 show 
the solar thermal efficiency ranging from 31% at 11 MPa to at 
IS MPa, on helium. On hydrogen the efficiency at 15 MPa is estimated to 
be 4U. 

The e st inuited tx^rformrjice with the F-airchild hybrid receiver installed, 
in place of ihe present involute heater, is shown in figure 7. The 
efficiencies arc lower by about 2 percentage points because the heater 
tubes in the hybrid receiver are approximately 501 longer than for 
the standard heater, which casues higher internal flow losses. 
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Fig7, Predicted engine j>erformance in a solar application. 


42 















The next major task in the program includes a functional test of about 
100 hours using the same engine and heating system combined with the 
25 kw induction alternator (to be used in the final system), operating 
at 3 or more angles from to completely inverted. Components are on 
hand and inodificat iots to the lubricating system have been made for 
gravity drainage in all positions. ^ preliminan^ test of a mock-up of 
the cranltcase, with external plumbing and oil sump, was made recently 
at Ricardo in iingland, who have been fabricating the 4-95 engine crank- 
cases and drive units. Gravity drainage was found to be satisfactory at 
all angles (figure 8), 


FigH. Ingine/al temator in mounting structure and TBC mounting 
ring ( mock-up 1. 


The new Pl-seal unit has been tested in the inverted position in a C 
separate test rig for 1500 hours. No oil was found to pass into the 
engine working spaces. 

Numerous meetings between JFL, Fairchild and USS have been taking place 
during 1980 for coordination of the instrumentation and controls to 
interface with the new rexeiver and with the JPL test equipment at 
the Edwards Test Site. 


The Fairchild receiver is scheduled for deliver' 1^ by Ntirch 1, 1981. 
Functional and (KTformance testing of the receiver, integrated with the 
nKHlified 4-9S-21 engine, is scheduled for A|jril and May, 1981. It will 
operate in the Ciinhustion mode only and at one inverted angle. The ctmi- 
plete pOiftVT jKickage, including the modified engine equipped with the DSSR 
alternator, ctmtrols and mounting structure, will be delivered to the TPG 
site at Edwards in late Mav, 1981. 






FirrURE PLANS AND ADVA^K:ED ENGINES 




United Stirling has a continuing program for improvement of compoj;ents 
and accessories for all engine designs. In particular, for solar designs, 
the extreme requirements for long unattended operation and time between 
overhaul, justifies further work to prolong the life of specific coinponents, 
such as the piston rings. Progress is being made in this area. Present 
life of rings ranges from about 2500 to 4000 hours. 

In addition, the introduction of the ceramic receiver/heater head has 
the potential of substantially reducing the life cycle cost of the engine, 
as well as the need for strategic materials. 

At a working temperature of 1100 ceramic components, such as a 
silicon carbide heater, will produce a 501 power increase and a 
thermal efficiency of about 49i. 

In some solar applications a sodium cooled solar receiver will be 
advantageous, especially when thermal energy storage is included. The 
Stirling engine with a sodium heater head operates more efficiently 
since the heater tubes can be shorter and ten^ratures more uniform. 

Thermal efficiency increases about 3 percentages points in a sodium 
heated engine at the same nominal tube temperature. 

Based on a relatively low-risk development program. United Stirling 
believes that for solar applications engine time between major overhauls 
of 30,000 hours is achievable. 
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